An ammonia absorption spectrum recorded at room temperature in the region 8800 -10 400 cm −1 is analysed using a variational line list, BYTe, and ground state energies determined using the MARVEL procedure. BYTe is used as a starting point to initialise assignments by combination differences and the method of branches. Assignments are presented for the region 9400 Comparison with assigned levels shows better agreement between observed and calculated levels than for BYTe for higher vibrational bands.
Introduction
Ammonia is an atmospheric trace species which is frequently the byproduct of human activity [1] . Ammonia is present in a variety of astronomical environments, including the interstellar medium, gas giant planets [2] and brown dwarfs [3] ; indeed NH 3 is thought to provide the signature of coolest brown dwarfs known as Y-dwarfs [4] . NH 3 is also used in a number of industrial processes, such as the reduction of NOx emissions in smoke stacks [5] and the manufacture of hydrogen cyanide by the Andrussow process [6] .
This has motivated a large number of experimental studies of ammonia spectra; those reported up to late 2014 are reviewed in the MARVEL (measured active rotation-vibration energy levels) study of NH 3 performed by Al-Derzi et al. [7] , which is discussed further below.
A number of new ammonia spectra have been reported in the last two years [8, 9, 10, 11, 12, 13, 14] . Of particular relevance to this work is the analysis by Barton et al. [12] of a near-infrared Fourier transform spectrum [15] , energy levels from the MARVEL study, and the method of branches [16] to assign 2474 lines in the 7400 -8600 cm −1 region; this is the first time any assignments had been made for ammonia spectra in this region.
The success of this work, and the availability of unassigned, shorterwavelength ammonia spectra in the Kitt Peak archive and from elsewhere (see below) motivated us to attempt to extend the analysis techniques employed by Barton et al. [12] to higher wavenumbers. The results of this analysis are reported here. We note that the 2012 release of HITRAN contained no data on NH 3 above 7000 cm −1 .
One reason for extending the range of assigned NH 3 spectra is to help the construction of accurate potential energy surfaces (PES). Quite a number of PES are available for the ground states of NH 3 . The majority of these are the products of ab initio electronic structure calculations [17, 18, 19, 20, 21, 22, 23] , although surfaces that use experimental data to improve their accuracy are also available [24, 25, 26] . Recently, Polyansky et al. [23] computed an ab initio surface with which they were able to make, for the first time, vibrational assignments to the optical spectrum of ammonia recorded by Coy and Lehmann [27, 28] . We consider results obtained with this PES further below.
Experimental Data
The Kitt Peak data center provides open access to laboratory Fourier Transform (FT) spectra recorded at the National Solar Observatory. The room temperature laboratory absorption spectrum of NH 3 analysed here was recorded by Dr. Catherine de Bergh using a one meter FT spectrometer in 1980 and corresponds to FITS file 800407R0.003 in the Kitt Peak archive.
The spectrometer in question was a permanent instrument on the McMath Solar Telescope and was used for both solar and laboratory analysis.
A summary of information provided by the header of the archive file is presented in Table 1 and an overview of the raw spectrum is given in Fig. 1 .
Absorption lines were detected between 8800 and 10400 cm −1 .
The wavenumber scale was calibrated using water lines which are clearly apparent between 8800 and 9000 cm −1 . A few additional water lines are also detected near the high energy limit at 10200 cm Line centers and line intensities were systematically retrieved using a multiline fitting of the spectrum based on a homemade three step suite of programs written in Labview and C++. An effective Voigt profile, including the contribution of the apparatus function, was first determined from a small number of isolated lines and used as default profile. Then an automatic multiline fit was performed over the entire analysed region by adjusting only the line centre and integrated line absorbance, the shape of all the lines being fixed to the default Voigt profile. Finally, a manual adjustment was per- formed by further refining the profile parameters and adding/deleting weak lines (see more details in Ref. [12] ). The quality with which the spectrum is reproduced is illustrated in Fig. 2 . so is not considered further here.
Data Analysis
Our procedure for making line assignments followed closely our previous analysis of a near infrared Kitt Peak spectrum [12] . Data analysis relied on the use of MARVEL data and the BYTe variational line list [15] . There are a number of variational line lists are available for NH 3 [15, 29, 30] but BYTe, which was designed to be used up to 12 000 cm −1 , is the only one which really extends above 9000 cm −1 .
The MARVEL algorithm [31, 32] BYTe is expected to be fairly complete in the region of interest but not particularly accurate as BYTe is known to be less accurate for higher wavenumber transitions [25, 30, 33, 12] . In particular our previous study of the 7400 -8600 cm −1 region found that BYTe predictions differed by between −2 and +3 cm −1 from the observed transition wavenumbers. In this work we only considered transitions which lay within 5 cm −1 of the BYTe predictions. Given that the BYTe predictions are expected to deteriorate to higher wavenumbers, this limit may well have precluded some matches. We used the confirmed combination differences of the assigned levels to assess the BYTe predictions via the observed minus calculated (Obs. -Calc.)
differences provided by the lines assigned using combination differences. For a given vibrational band, these (Obs. -Calc.) differences are normally sys- tematic within a given vibrational band enabling us to use the method of branches [16] , which exploits the systematic shifts of variational predictions within any one vibration band, to make further assignments. Lines assigned by this method are generally not confirmed by combination differences because the other transitions associated with the upper level either lie outside the spectral range considered or are too weak to be included in experimental line list. However, the ratio between observed and calculated intensities was used as additional check on these assignments. If these intensities differed by more than a factor of two then the tentative assigment was rejected.
Results and Discussion
A full list of lines obtained from the Kitt Peak spectrum is given in the supplementary information. The line assignements given use the full recommended quantum number set of Down et al. [34] and are labelled according to whether the assignments are based on combination differences or branch assignments. Table 2 and Table 3 gives a sample set of each type of assignment.
The final assignment list is a compilation of all combination difference (CD) and branch (Br) assignments. Our assignments are confined to the 9400 -9850 cm −1 region which contains the strongest bands. We did obtain some potential matches outside this region but, due to the inaccuracy of BYTe at these frequencies and lower intensity of the observed spectra leading to fewer combination differences, we could not be confident that our tentative assignments are correct. Analysis of transitions outside this region is therefore left for future work. Table 4 summarizes the number of lines assigned for each of six bands analyzed and gives a breakdown between combination difference and branch assignments. A total of 642 lines are assigned, the majority of these are confirmed by combination differences. All assigned transitions are for overtone bands, i.e. involve absorption by the 0 ± lower vibrational state. Table 5 gives statistics for the energy levels obtained for each band. A full set of the 428 new energy levels obtained here, of which 208 are confirmed by combination differences, are given in the supplementary information. In addition a table with our new assignment arranged by vibrational band with increasing J is also provided so the trends in the (Obs. -Calc.) residues can readily be assessd. ± are not given since they were not determined experimentally,
i.e. there no assignment to the P(1) transition in these bands, in our previous study. BYTe performs better than the ab initio study for VBOs in the lower energy region up to 8500 cm −1 . This observation is line with the general finding that spectroscopically determined PESs only extrapolate reliably over a short range whereas a well-constructed ab initio PES can be used to make useful predictions for a wide range of VBOs. 
Conclusions
We have assigned 624 NH 3 lines from a near 1 µm spectrum recorded in 1980 and obtained from the Kitt Peak archive. The whole spectrum contains 12 063 lines in the range 8978 -10 349 cm −1 . Although some of these lines
are not due to NH 3 , indeed we removed 134 lines due to water, there are clearly many NH 3 lines that remain to be assigned. An updated version of the NH 3 MARVEL dataset is under construction [35] based on both the newly assigned Kitt Peak spectra. Finally, the Prague FTIR spectrum has been extended to higher frequency; we are currently analyzing the lines in this new spectra.
The line assignments presented here are the first made for NH 3 in this spectral region. Comparisons are made with the predictions of the BYTe line list [15] and a recent, high accuracy ab initio calculation [23] . While both reproduce the overall structure of the spectrum it is clear that further improvements are required for the spectrum to be reproduced accurately by variational nuclear motion calculations. Work has started using the MAR-VEL energy levels plus the new data from the Kitt Peak spectra presented here and previously [12] as the inputs to a fit for the NH 3 potential energy surface (PES). The ab initio PES of Polyansky et al. [23] provides a good starting point for this undertaking.
